Abstract. Changes in atmospheric ozone have occurred since the preindustrial era as a result of increasing anthropogenic emissions. Within ACCENT, a European Network of Excellence, ozone changes between 1850 and 2000 are assessed for the troposphere and the lower stratosphere (up to 30 km) by a variety of seven chemistry-climate models and three chemical transport models. The modeled ozone changes are taken as input for detailed calculations of radiative forcing.
precursors, such as nitrogen oxides (NO x ), carbon monoxide (CO), methane (CH 4 ), and non-methane hydrocarbons (NMHC) (Bojkov, 1986; Volz and Kley, 1988; Marenco, 1994) . Numerous model studies quantifying this ozone increase have been published (e.g. Berntsen et al., 1997; Stevenson et al., 1998; Mickley et al., 1999; Hauglustaine and Brasseur, 2001; Shindell et al., 2003; Wong et al., 2004; Lamarque et al., 2005) . In the stratosphere, ozone depletion has occurred during the last few decades, primarily through catalytic cycles involving chlorine and bromine species, both of which have been enhanced by human activity (WMO, 2003) . Stolarski et al. (1992) found from satellite and ground-based measurements that the ozone decreases are taking place mostly in the lower stratosphere in the region of highest ozone concentration. Stratospheric ozone changes have implications for the troposphere as well, primarily through changes in the downward cross-tropopause transport of ozone and through alterations of the actinic flux. In a recent study, Zerefos (2002) analyzed long-term measurements of UV at Thessaloniki, finding increases of solar UV irradiance by more than 10% per decade for the period 1979-1997 and clearly relating them to reductions of midlatitude column ozone. Isaksen et al. (2005) investigated the significance of stratospheric ozone change for tropospheric chemistry through changes in the actinic flux. Stratospheric ozone reduction was found to increase near-surface ozone in polluted areas while reducing it in remote areas.
With regard to climate change, ozone affects the radiative budget of the atmosphere through its interaction with both shortwave (SW) and longwave (LW) radiation and its chemical influence on other radiatively active trace gases such as methane and HCFCs. Radiative forcing is commonly defined as the imbalance in radiative flux at the tropopause resulting from a perturbation in the atmosphere, in order to determine the relative importance of different greenhouse gases and aerosols to climate. Connected with the absorption of solar SW radiation and the absorption and emission of LW radiation, reductions in lower stratospheric ozone imply a positive SW and a negative LW radiative forcing, while tropospheric ozone increases lead to a positive radiative forcing in both the SW and LW spectral regions. Several publications have established the strong dependence of radiative forcing on the altitude (Wang and Sze, 1980; Lacis et al., 1990; Forster and Shine, 1997; Hansen et al., 1997) and the horizontal distribution (Berntsen et al., 1997) of the ozone change. There are inadequate observations of the changes in tropospheric ozone on a global scale, even for recent decades, and this necessitates the use of models to estimate the changes. As ozone exhibits a highly spatially inhomogeneous distribution, 3-D atmospheric models have been applied to estimate its global radiative forcing. In the past, several calculations of radiative forcing due to tropospheric ozone increase since the preindustrial era have been published (e.g. Kiehl et al., 1999; Berntsen et al., 2000; Hauglustaine and Brasseur, 2001; Mickley et al., 2001) . Chapter 6 of the IPCC Third Assessment Report (IPCC-TAR) (Ramaswamy et al., 2001) reports a radiative forcing of 0.35±0.15 Wm −2 for the period 1750 to 1998, ranking ozone as a climate forcing gas in third place after carbon dioxide and methane.
Radiative forcing owing to ozone loss in the lower stratosphere has been studied, for example, by Forster (1999), Kiehl et al. (1999) , and Myhre et al. (2001) , and is a complex balance between the negative LW and the positive SW contributions. The IPCC-TAR estimates the net radiative forcing due to stratospheric ozone loss since preindustrial times at −0.15±0.1 Wm −2 . Unlike the tropospheric ozone forcing calculations, these estimates have been mostly derived from observed ozone changes.
Chemistry-climate feedback mechanisms have been discussed in various publications (e.g. Granier and Shine, 1999; Grewe et al., 2001a; Isaksen et al. 2003; Stevenson et al., 2005) . Major identified feedback mechanisms include the change of chemical reaction rates due to temperature change, the enhanced photochemical destruction of tropospheric ozone related to increased humidity, changes in lightning emissions, and possibly further stratospheric ozone depletion due to enhanced heterogeneous processing in a cooling stratosphere. Climate change may also alter the general circulation of the atmosphere and dynamical processes on smaller scales, such as boundary layer ventilation, convection activity, and stratosphere-troposphere exchange. These considerations suggest that climate change should be considered in model studies of ozone change over long periods of time.
Within Integrating Activity 3 of the European Network of Excellence, ACCENT ("Atmospheric Composition Change: the European NeTwork of excellence"), a large number of research groups involved in 3-D atmospheric modeling have been invited to participate in two comprehensive assessments of atmospheric composition change. While most of the studies performed within this effort focus on tropospheric composition change to be expected for the near future (year 2030) (e.g. Dentener et al., 2006 1 ; Stevenson et al., 2006; Ellingsen et al., 2006 2 ; ) the study presented in this paper deals with ozone change since preindustrial times in the troposphere and the lower stratosphere. The main idea and novelty is to include both tropospheric and stratospheric chemistry and to account for climate change, including couplings between chemistry and climate, in a multimodel study. Time-slice model simulations have been carried out for the years 1850 and 2000, yielding ozone change that is taken as input for detailed radiative transfer calculations. The applied models greatly differ in transport and chemistry schemes, parameterizations of sub-scale processes and microphysics, and meteorological data. Some of the models take into account climate change, while others use the same meteorology for both time slices. Some of the models include detailed chemistry for both the troposphere and the stratosphere, while others focus on the troposphere only.
The spatial distribution of radiative forcing is calculated for the ten sets of model data by three different radiative transfer models developed at the Universities of Oslo, L'Aquila, and Reading, respectively, distinguishing between the LW and SW contributions. For comparison, we also present results from a similar study that has been made at Harvard University based on ozone changes calculated by the Harvard-GISS chemical transport model.
In the following section we briefly describe the participating atmospheric composition models, evaluate their ability to model ozone for the year 2000, and present modeled ozone change since preindustrial times. In Sect. 3 we present the results of the radiative transfer calculations, followed by concluding remarks and suggested future directions in Sect. 4.
Atmospheric composition change

Description of models
We have used seven coupled chemistry-climate models (CCMs) and three chemical transport models (CTMs) to calculate atmospheric composition change since the preindustrial era (1850). The main features of these models are summarized in Table 1 . The horizontal resolution is highly variable between the models, ranging from a Gaussian T42 grid (2.8 • ×2.8 • ) to a regular grid of 10 • latitude×22.5 • longitude. Also, the vertical resolutions vary among the models and with altitude, and the upper boundaries range from 100 hPa (∼16 km) to 0.004 hPa (∼85 km). The CTMs use meteorological data either from their underlying GCM (STOCHEM HadAM3) or from European Centre for Medium-range Weather Forecasts (ECMWF) data (UIO CTM2 and FRSGC UCI), while the CCMs calculate the model meteorology on-line and account for couplings be-J. F., van Noije, T., Pitari, G., Prather, M. J., Pyle, J., Rast, S., Rodriguez, J., Sanderson, M., Savage, N., Shindell, D., Strahan, S., Sudo, K., Szopa, S., Wild, O., and Zeng, G. : Ozone air quality in 2030: a multi-model assessment of risks for health and vegetation, in preparation, 2006. tween climate and radiatively active chemical species and/or aerosols to different degrees of complexity. A large variety of transport and convection schemes is used, which are described in detail elsewhere (see references in Table 1 ). All models integrate tropospheric ozone chemistry, but with varying comprehensiveness, especially with regard to non-methane hydrocarbon chemistry. In the stratosphere, four models apply comprehensive chemistry schemes (ULAQ, DLR E39C, NCAR MACCM, and UIO CTM2). In CHASER, stratospheric ozone trends are prescribed using the method of Randel and Wu (1999) with effective equivalent stratospheric chlorine loadings corresponding to the specifications of this experiment (see Sect. 2.2). FRSGC UCI uses linearized ozone chemistry following Mc Linden et al. (2000) . The other models prescribe or nudge ozone based on climatological data.
Detailed evaluations of the models used in this study are found in the scientific literature (see references in Table 1 ). For this study an evaluation has been made for zonal-mean ozone against the Fortuin and Kelder (1998) ozone climatology (hereafter referred to as FK98), which is based on ozonesonde and satellite measurements made between 1980 and 1991. Although the number of ozonesonde stations used in FK98 is quite limited and its considered time period is up to 20 years before the year 2000, FK98 appears to be the best available climatology for multi-model evaluations focusing ozone in the upper troposphere and lower stratosphere on a global scale.
Zonal-mean ozone distributions along with the relative deviations for each model are displayed in Fig. 1 . For the year 2000 simulation the models were allowed to use their own, well-tested, emissions. This approach allows for a better judgment of the current uncertainty within the model community. The ozone mixing ratio modeled for the year 2000 (Fig. 1a) amounts to a few tens of ppbv at the surface and increases with altitude. In low latitudes, vertical transport of relatively low ozone air through convection and advection deflects the ozone contour lines upwards. Differences among the models are explained not only by differences in the chemistry modules, but also in long range transport from the main emission sources into remote areas, where ozone production is more efficient. Following the pattern of emissions, surface ozone is a maximum in mid-to high northern latitudes, amounting to 30-50 ppbv on a zonal and annual mean. Monthly-mean distributions (not shown) show maxima in surface ozone exceeding 90 ppbv during the summer season in the polluted regions of the North-Eastern United States, Europe and the Far-East connected with industrial emissions, and over Central Africa connected with biomass burning.
By and large, the comparison with the FK98 observational data set reveals relatively good simulations of the global scale chemical features of the current atmosphere evidenced by ozone (Fig. 1b) . Part of the deviations may be explained by the fact that some models use meteorological data for (WMO, 2003) . This partly explains the lower ozone mixing ratios in the models ULAQ, DLR E39C, and CHASER in the stratosphere in high southern latitudes. Local maxima in the deviation are also seen in the tropical tropopause region, which is largely influenced by convective processes. Convection, in turn is treated differently by the models, which contributes to the different behavior of the models in that region. Also, small shifts in the tropopause height lead to large relative deviations in the zonal mean distribution in the upper troposphere/lower stratosphere region. Shifts in the tropopause height can solely arise from systematic biases in the dynamics (e.g. temperature cold bias). Generally, an inter-comparison relative to the tropopause height reveals a better representation of tropospheric and stratospheric simulated ozone (Grewe et al., 2001b) . In order to avoid misleading interpretations, we concentrate here on regions with a more uniform dynamical characterization. Tropical tropospheric ozone (0-12 km, 20N-20S) is simulated within ±40% by all models except UIO CTM2 (Lin and Rood, 1996) prognostic ArakawaSchubert scheme (Emori et al., 2001) Detailed ozone-NO x -NMHC chemistry, 53 species, 140 reactions, incl. on-line sulfate Detailed ozone/NO x / hydrocarbon scheme including 70 species Prescribed ozone concentration gradient at 100 hPa 9 UIO CTM2 CTM Second Order Moments (Prather, 1986) Mass flux scheme of Tiedke (1989) Detailed ozone/NO x /hydrocarbon scheme including 58 species, QSSA solver Detailed stratospheric chemistry including Cl/Br, heterogeneous chemistry on PSC I/II, aerosols 10 FRSGC UCI CTM Second order moment (Prather, 1986) Mass fluxes taken from the ECMWF-IFS fields
Detailed
Ox/HOx/NO x / CH4/VOC chemistry, 35 species, using ASAD package (Carver et al., 1997) LINOZ linearized ozone chemistry (Mc Linden et al., 2000) in comparison to FK98. Most of the models show a smaller ozone mixing ratio with a deviation ranging from −20 to −30% (ULAQ, NCAR MACCM, STOCHEM HadGEM1, UM CAM, LMDzINCA, STOCHEM HadAM3, and FRSGC UCI) and some a higher ozone mixing ratio typically in the range of 20% to 40% (DLR E39C, CHASER, UIO CTM2). All models show a higher near-surface ozone concentration near the equator, which differently extends to higher altitudes. The Northern Hemisphere extra-tropical troposphere (45 N-90 N, 0-8 km) is simulated within ±30% (ULAQ and DLR) and ±10-20% (all other models), generally being in better agreement than in the tropical region. However, there are a number of limitations to this inter-comparison. Firstly, the low-latitude surface measurements are made primarily in remote areas rather than in the most prominent biomass burning areas, which may account for the systematic higher modeled ozone values. Secondly, the horizontal pattern of the emissions is not changing with time, except for the seasonal cycle for biomass burning and represents in most cases a specific year, which cannot correctly represent the respective time period of the FK98 observational dataset. Furthermore, the (2000), Wild et al. (2003) simulated general circulation is partly driven by sea surface temperatures, which are fixed to climatology in the models. This affects the NAO index, El Nino phenomenon, and other meteorological features, which in turn characterize long-range transports and thus atmospheric composition. Taking these limitations into account an agreement between modeled and observed ozone concentrations better than generally 20-40% cannot be expected. In conclusion it can be said that, based on the measurement data used here, it is not possible to rank the models in terms of quality.
Experimental setup
Changes in tropospheric ozone since the 19th century have been driven mainly by increasing anthropogenic emissions of NO x , CH 4 , CO, and NMHCs, while stratospheric ozone depletion during the last three decades has been connected with increasing chlorine and bromine levels resulting from the use of CFCs, HCFCs, and halons. Climate change since preindustrial times has in part been caused by anthropogenic emissions of the greenhouse gases carbon dioxide (CO 2 ), CH 4 , nitrous oxide (N 2 O), and CFCs, and by changes in ozone. future future future 1) Scenario 3 was defined for a year 2100 time slice simulation. This experiment, including several sub-scenarios, has been accomplished during this ACCENT study, but will be analyzed and presented elsewhere.
For this study it was decided that all models use their own emission inventories for the year 2000 simulations (see Table 2), as these inventories are well-tested for each model to simulate present-day atmospheric composition and are used in other publications of the respective model groups in the scientific literature. Year 2000 concentrations of N 2 O, CH 4 , and CO 2 were chosen by the modelers. For the 1850 simulations, all anthropogenic emissions of NO x , CH 4 , CO, and NMHCs were switched off. Biomass burning emissions were reduced by 90%, a common assumption also used in earlier experiments Shindell et al., 2003; Wong et al., 2004) . CH 4 and N 2 O were set to values of 791.6 ppbv and 273.8 ppbv, respectively, while CO 2 levels were chosen by the modelers (see Table 2 ). In all models that include chlorine and bromine chemistry, tropospheric mixing ratios of CFCs, HCFCs, and halons were taken from WMO (2003) for the 2000 simulations and set to zero in the preindustrial runs. CH 3 Cl and CH 3 Br were set to 550 and 6 pptv, respectively, in both the 2000 and 1850 simulations. An exception is ULAQ, which used 9.3 pptv for CH 3 Br in the year 2000 simulation. Sea surface temperatures (SSTs) to be used in the CCMs were taken from prescribed data. ULAQ used a 1960 ULAQ used a -1970 SST average from Hadley Centre data for the 1850 simulation subtracting 0.3 K everywhere. For the year 2000 climate, a 1960-2020 SST average from Hadley Center data was used. The DLR E39C model applied 10-year averages from the MPI-Hamburg coupled ocean-atmosphere general circulation model (ECHAM5-OM) simulations. NCAR applied data from Parallel Climate Model simulations described by Washington et al. (2000) , whereas LMDzINCA used SSTs based on Rayner et al. (1996) . STOCHEM HadGEM1 used AMIP-II datasets for the present day climate, while for the preindustrial simulation the model applied data from a long term integration of the Hadley Centre HadCM3 coupled atmosphere-ocean climate model. Also UM CAM applied data from a Hadley Centre coupled ocean-atmosphere general circulation model simulation for the pre-industrial run (C. E. Johnson, private communication), while the data for the year 2000 simulation was taken from a model simulation similar to that of Cox et al. (2000) , prescribing the level of atmospheric CO 2 according to the IS92a scenario (Pepper et al., 1992). Finally, CHASER used HadSST data for its preindustrial and present runs. With respect to stratospheric change since 1850, the models can be divided into four groups related to the different model set-ups described in the previous section. Models with detailed stratospheric chemistry (ULAQ, DLR E39C, NCAR MACCM, and UIO CTM2) let the stratosphere respond freely to changing ozone precursors and ozone depleting substances.
Simplified calculations were used in STOCHEM HadGEM1 and CHASER (based on the method of Randel and Wu, 1999) and FRSCG (linearized ozone based on McLinden et al., 2000) . UM CAM, STOCHEM HadAM3, and LMDzINCA did not calculate stratospheric change explicitly.
The scenarios defined for this study are listed in Table 3 . The year 2000 simulation is labeled "scenario 2". A variety of scenarios was defined for 1850 in order to distinguish between contributions from changes in ozone precursors, ozone depleting agents, and climate. Scenario 1 aims at modeling the 1850 atmosphere as closely as possible, taking into account couplings between atmospheric chemistry and climate, both of which are intended to correspond to preindustrial conditions. By contrast, scenarios 1a, 1b, and 1c use present climate. 1c uses preindustrial emissions, while scenarios 1a and 1b use, respectively, only preindustrial Cl/Br levels or only preindustrial ozone precursor levels. The difference "2 minus 1c" thus represents the chemical change due to increases in anthropogenic emissions, while the difference "2 minus 1" includes both chemical change and climate change. The differences "2 minus 1a" and "2 minus 1b" focus on the isolated effects of changes in ozone depleting substances and changes in ozone precursors, respectively. Scenario 1d was defined for CCMs that do not account for changes in stratospheric chemistry. It assumes preindustrial climate and ozone precursor emissions, but does not consider changes in halogen loading.
Some of the models were able to perform only subsets of the defined scenarios. In particular, the CTMs could not perform scenario 1 since they do not account for couplings between chemistry and climate. Six out of the seven CCMs models did a pre-industrial climate simulation; five among them scenario 1 and one (UM CAM) scenario 1d, as this model calculates changes in tropospheric chemistry only. Models without stratospheric chemistry had to simulate scenario 1b instead of 1c (LMDzINCA, UM CAM, STOCHEM HadAM3). Although the CHASER and STOCHEM HadGEM1 models do not have comprehensive stratospheric chemistry schemes they could perform scenario 1c, since their methods of calculating stratospheric change take into account changes in chlorine and bromine.
During the integrations the CTMs used the same meteorology repeatedly (year 2000) and applied a sufficient integration length to reach stable results, while CCMs have performed a multi-year integration with sufficient spin-up and reported means from 5 to 10 years of simulation (excluding spin-up) representing a climatology for the year to simulate. An exception is UM CAM, which has reported data for a single year following a sufficient spin-up time. All models have reported ozone changes from the surface up to 30 km, except LMDzINCA, STOCHEM HadGEM1, and STOCHEM HadAM3, which have submitted results up to 20 km, 20 km, and 16 km, respectively, related to their lower model lids.
2.3 Ozone change since preindustrial times 2.3.1 The effect of changes in chemistry Figure 2 shows the annually averaged zonal-mean ozone change since preindustrial times, accounting for chemical change only. This effect is represented by the difference "scenario 2 minus scenario 1c". It has to be noted that some of the models do not include stratospheric chemistry and thus could not integrate scenario 1c. For these models the difference "2 minus 1b" is shown, which corresponds to "2 minus 1c" without accounting for changes in stratospheric chemistry. Ozone increases are seen throughout the troposphere, except at high southern latitudes, where some models calculate decreases in ozone in the upper troposphere. In low latitudes the ozone increase extends to very high altitudes, which is probably connected with convective upward transport of enhanced tropospheric ozone and ozone precursors. The calculations show that there are differences between the models as to the spatial variation of ozone increase and to its peak magnitude. However, common to all models is a pronounced near-surface increase in ozone in mid-to high northern latitudes, reflecting the location of the main anthropogenic emission sources. There is some disagreement regarding the altitude and the magnitude of the maximum ozone change, ranging from 72% in the lower troposphere at about 60 degrees North (DLR E39C) to 176% in the free troposphere near the equator (UM CAM). Ozone depletion, especially in the southern lower stratosphere is captured by Table 1 . "2 minus 1b" is shown instead of "2 minus 1c" for LMDzINCA, UM CAM, and STOCHEM HadAM3. "1b minus 1d" is shown instead of "1c minus 1" for UM CAM. Stratospheric change is shown only for the models that calculate stratospheric chemistry explicitly. The tropopause level in this analysis is based on the NCEP year 2000 reanalysis.
all models with stratospheric chemistry, although the magnitude of the decrease varies among the models. Qualitatively the stratospheric ozone change agrees well with observed changes (IPCC, 2001; WMO, 2003) , although disagreement exists concerning the magnitude and the exact location. For instance, the ULAQ model yields maximum Antarctic ozone depletion at higher altitudes than the other models, while the DLR E39C and UIO CTM2 models seem to underestimate ozone depletion in the Antarctic lower stratosphere compared to what has been observed.
The calculated change of ozone precursors (not shown) explains in part the differences in modeled ozone change. For example, the maximum annually averaged zonal-mean increase in CO ranges from 10 ppbv in DLR E39C to over 90 ppbv in the NCAR MACCM, STOCHEM HadGEM1, and UM CAM models. The location of the maximum increase is within the first 3 km from the surface in mid to high northern latitudes, with additional, but smaller, local maxima in some of the models; ULAQ and CHASER yield an additional local maximum in the upper tropical troposphere, while STOCHEM HadGEM1, STOCHEM HadAM3, and UIO CTM2 calculate local maxima in the lower tropical troposphere. These differences may be connected to different convective transport and will affect chemical ozone production as well. Tropospheric NO x increases are largest at the surface in mid-northern latitudes in all models, amounting to several hundred pptv, and then decreasing with height. The locations of the surface maxima agree very well among the models, while their magnitudes range from about 300 pptv in the NCAR MACCM model to 900 pptv in the STOCHEM HadGEM1 model, zonally and annually averaged. The models with stratospheric chemistry calculate a pronounced increase in NO x exceeding 1 ppbv in the upper region of the domain between 25 and 30 km. This is related primarily to the increase in N 2 O, which is the most important source of NO x in this altitude range.
The ozone column changes to be discussed in this section are listed in Table 4 . For these calculations the same tropopause definition is used for each model. It is based on NCEP reanalysis data and is also applied in the radiative forcing calculations to be discussed in Sect. 3. Figure 3 shows the increase in the global annual-mean ozone column calculated for the troposphere and the lower stratosphere separately, based on the values given in Table 4. When taking into account chemical change only and regarding tropospheric ozone column increase (blue bars in Fig. 3a ) the ten models agree rather well with a mean increase of 9.8 DU and a standard deviation of 1.6 DU. The relatively large ozone increase in the UM CAM model revealed in Fig. 2 is reflected in the tropospheric ozone column as well, with an increase of almost 14 DU. Horizontal maps of tropospheric column change (not shown) reveal an increase throughout the Northern Hemisphere, and in low and mid latitudes of the Southern Hemisphere. In high Southern latitudes, most models show regional decreases, in two of models even extending over all longitudes (ULAQ and NCAR MACCM). Such decreases are probably a result of reduced downward flux from the stratosphere following the stratospheric ozone depletion. The absence of stratospheric chemistry change, and thus the absence of the reduction of Table 4 . Annually averaged total ozone change for the differences "2 minus 1" (effect of both chemical and climate change), "2 minus 1c" (effect of chemical change only), and "2 minus 1a" (effect of chemical change in the stratosphere only). For LMDzINCA, UM CAM, and STOCHEM HadAM3 "2 minus 1b" is shown instead of "2 minus 1c", since these models do not include stratospheric chemistry schemes. Related to model setup, not all the models could perform all experiments. downward ozone flux from the stratosphere in the UM CAM model may contribute to the relatively high tropospheric increase in this model. All models with stratospheric chemistry calculate a significant reduction in the stratospheric ozone burden. Most models group around a stratospheric ozone reduction of 20 DU between the tropopause and 30 km, which seems to be reasonable, taking into account that the assumed 1850 stratospheric ozone is similar to ozone levels in the 1970s, and the ozone column decrease between 1980 and 2000 observed by ozonesondes and satellites between 10 and 30 km is near 20 DU in northern mid-latitudes (WMO, 2003) . The global mean value will be slightly higher due to the relatively strong ozone depletion in high latitudes. In low latitudes no significant stratospheric ozone column reduction has been observed (WMO, 2003) .
Four models have integrated scenario 1a with present climate and ozone precursors, but with pre-industrial chlorine and bromine levels. By comparing the differences "2 minus 1c" and "2 minus 1a", listed in Table 4 , we can estimate the effect of changes in tropospheric chemistry separately. In all models the difference "2 minus 1c" yields a much larger tropospheric ozone increase than "2 minus 1a". For example in the ULAQ model the tropospheric column reduction of −2.6 DU ("2 minus 1a") reflects the influence of stratospheric ozone depletion on tropospheric ozone. By contrast, the difference "2 minus 1c" yields a tropospheric column enhancement of 7.9 DU, related to the increase in ozone precursors (which is not included in the difference "2 minus 1a"). Qualitatively the results of the other three models allow the same conclusions, although the magnitude of the effect varies. In the ULAQ model the stratospheric reduction amounts to −18.3 DU for "2 minus 1a" and to only −17.5 DU for "2 minus 1c", probably reflecting the influence of the ozone precursor increase, which is included in difference "2 minus 1c" only. Also in the CHASER and RFSGC UCI models the stratospheric ozone reduction appears to get slightly less severe when taking into account the ozone precursor increase. An exception is the DLR E39C model which yields a larger stratospheric ozone burden in scenario 1c than in 1a, the difference "2 minus 1c" thus being more negative than "2 minus 1a". One possible reason might be that the NO x and methane increase leads to NO xand OH-catalyzed destruction in the stratosphere, which is not compensated by the transport of the relatively low tropospheric ozone increase in DLR E39C into the lower stratosphere. is masked for the models that do not calculate stratospheric chemistry explicitly.
The effect of changes in climate
Interactions between climate and the chemical composition of the atmosphere are manifold and act in both directions. Changes in well-mixed greenhouse gases and ozone have direct effects on radiative transfer, and thereby on temperature and circulation. Atmospheric temperatures and circulation, in turn, affect humidity, precipitation patterns, chemical reaction rates, stratosphere-troposphere exchange (STE), boundary layer ventilation, deposition velocities, etc. These processes influence atmospheric chemistry and thus ozone and other chemically active greenhouse gases. From radiative transfer considerations, increases in wellmixed greenhouse gases and ozone are assumed to lead to tropospheric warming, while in the stratosphere, increases in well-mixed greenhouse gases and the reduction of ozone both have a cooling effect, as the increase in greenhouse gases leads to increased emissivity of the stratosphere, and the ozone loss leads to a decrease in solar absorption. Consistent with these considerations, all models calculate a general cooling of the stratosphere and a warming of the troposphere since preindustrial times. The annually averaged global-mean temperature increase in the surface layer amounts to 1.25 K (ULAQ), 0.62 K (DLR E39C), 0.36 K (NCAR MACCM), 0.21 K (CHASER), 1.59 K (STOCHEM HadGEM1), and 0.70 K (UM CAM), which is in reasonable agreement with the observed value of 0.6 K (IPCC, 2003) , considering that the models do not include the likely negative forcing due to aerosols. Figure 4 shows the annually averaged globalmean temperature change due to changes in sea surface temperatures and well-mixed greenhouse gases (i.e. "1c minus 1"). Warming is seen in the tropospheric layers, while cooling is confined to the stratosphere. An exception is the STOCHEM HadGEM1 model, which places the transition from warming to cooling clearly below the tropopause region.
Figure 5 displays ozone changes due to changes in climate represented by the difference "1c minus 1" (or "1b minus 1d" for UM CAM), as modeled by the CCMs. In general, two changes are expected to occur due to climate change in the stratosphere: a) a slow down of gas-phase stratospheric ozone depletion due to temperature reductions, and b) an increased meridional circulation, which is connected to a stronger tropical lifting and therefore leads to an ozone decrease in the tropical lower stratosphere, as was identified by, e.g., Kinne et al. (1992) and Stenke and Grewe (2005) . Consistently, the three models with detailed stratospheric chemistry (ULAQ, DLR E39C, and NCAR MACCM) and CHASER show increases in stratospheric ozone except in the tropical lower stratosphere, where reductions occur. For example, the DLR E39C model simulates a 5% decrease of the tropical ozone destruction at about 24 km altitude as a direct consequence of the temperature decrease shown in Fig. 4 , which leads to enhanced ozone mixing ratios. The model also simulates an increase in the annual mean tropical mass flux through 100 hPa from 15.9 10 9 kgs −1 to 16.9 10 9 kgs −1 , i.e. a 6% increase, from 1850 to 2000. This is mainly compensated by an increased Northern Hemisphere extra-tropical downward mass flux, which increases by 9%. In the ULAQ and NCAR MACCM models stratospheric ozone depletion in high latitudes becomes less pronounced due to climate change, while in DLR E39C it becomes more pronounced.
The increase of ozone almost everywhere in the troposphere due to climate change is common to all models. Areas of decreases are confined to the lower tropical troposphere, except in the UM CAM model where the region of ozone decrease covers the entire troposphere between about 15 S and 15 N. Relatively small signals from climate change are seen in the CHASER model. As far as the stratosphere of CHASER is concerned this is due to the fact that stratospheric ozone concentrations are relaxed to the same prescribed data in the 1 and 1c scenarios.
The two feedbacks that were apparent in the study of Stevenson et al. (2005) are increased water vapor, reducing ozone, especially in the remote tropical lower troposphere, and enhanced STE, increasing ozone. Increased water vapor resulting from tropospheric warming results in higher levels of OH and HO 2 , which are important ozone depleting agents in the troposphere. Furthermore, the additional OH increases HNO 3 formation and reduces NO x , an ozone precursor, without taking other climate changes into account (Grewe et al., 2001a) . These effects probably lead to the ozone decrease, which is seen in the lower tropical troposphere in most models. The increased STE, which also was identified (see Collins et al., 2003; Zeng and Pyle, 2003; Sudo et al., 2003) , may cause the ozone increases seen in the upper troposphere in the three CCMs with detailed stratospheric chemistry. In CHASER this increase is also due to increased lightning production of NO x .
Comparison with Fig. 2 gives an estimate of the importance of climate change compared to chemical change. However, the spatial distribution of the climate change signal of is determined by a complex combination of changes in transport, temperature, and microphysical processes, and, given the small temperature signal in particular, it is difficult to clearly identify the signal above interannual variations.
The isolated effect of climate change on total ozone is shown for the six models that have done Scenario 1 (or 1d) in Fig. 3 by the red bars. As already suggested by the discussion of zonal-mean ozone change, the effect of climate change on the tropospheric ozone column is positive in all CCMs that have made this calculation, except DLR E39C, which yields a small reduction. The climate change signal is largely a result of the competing effects of increased humidity and increased STE. The models of the present study appear to be more prone to the increase in STE, and, in the case of some models, to increased NO x production from lightning. The inclusion of climate change leads to a slightly smaller stratospheric ozone column reduction in the models, which may add to the positive effect of STE.
Radiative transfer calculations
The ozone changes discussed in the previous section are used as input for detailed radiative forcing calculations. Sections 3.1 and 3.2 will present and discuss radiative forcing calculations made by the University of Oslo radiative transfer model based on tropospheric and stratospheric ozone change, respectively. In order to allow for an estimate of the uncertainty related to radiative transfer calculations, additional radiative transfer models were invited to do the calculation. Section 3.3 will deal with results from the University of Reading and University of L'Aquila radiative transfer models based on the ozone changes obtained in this study. For comparison, radiative forcing results from a similar study made by Harvard University will be presented.
For radiative forcing we follow the definition of IPCC-TAR chapter 6 (Ramaswamy et al., 2001) , which includes the stratospheric temperature adjustment. Calculations where the stratospheric temperature adjustment is excluded are explicitly denoted as "instantaneous radiative forcing". The University of Oslo and University of Reading radiative transfer models use their respective model meteorologies for all calculations, so that differences within a set of RF results from the same radiative transfer model are entirely due to differences in the modeled ozone changes.
Radiative forcing due to tropospheric ozone change
The University of Oslo radiative transfer model ("UiO-RTM") is the same as was used in Berntsen et al. (1997) , Myhre et al. (2000) , and Gauss et al. (2003) . The thermal infrared scheme is an absorptivity/emissivity broad band model and the solar scheme is a multi-stream model using the discrete ordinate method (for more details see Myhre et al., 2000) . Temperature, water vapor, surface albedo, and cloud data are taken from the European Centre for Medium-range Weather Forecasts (ECMWF). The tropopause level is based on NCEP reanalysis data for the year 2000 and is the same for all radiative forcing calculations in order to allow a convenient standardization between models.
3.1.1 The effect of changes in chemistry Figure 6 shows maps of annual-mean radiative forcing due to changes in tropospheric ozone between 1850 and 2000, when only changes in chemistry are taken into account. Differences can be seen in the magnitude of the forcing, whereas the geographical pattern is rather similar. The radiative forcing is almost exclusively positive and a maximum in low latitudes, being a combined effect of ozone increase, higher temperatures, and low solar zenith angles. The longitudinal distribution in the tropics is largely determined by the distribution of ozone change and clouds. Small negative values are seen in high southern latitudes in some of the models. This is due to slight decreases in tropospheric ozone connected with the stratospheric ozone depletion of the last few decades and the resulting reductions in downward transport.
Radiative forcing depends strongly on the vertical distribution of the modeled ozone change. Differences with respect to the height distribution of ozone change will thus add to the differences between the horizontal patterns seen in Fig. 6 and the horizontal distribution of total ozone change (not shown). However, in conclusion it can be said that there Table 5 . Oslo radiative transfer model results. Annually and globally averaged adjusted radiative forcing (Wm −2 ) since preindustrial times taking into account changes in emissions ("2 minus 1c"). "SW": shortwave radiative forcing, "LW": longwave radiative forcing, "T": tropospheric change, "S": stratospheric change. For LMDzINCA, UM CAM, and STOCHEM HadAM3 "2 minus 1b" is shown. Table 6 . As Table 5 , but taking into account both chemical and climate change, i.e. "2 minus 1". For the UM CAM model "2 minus 1d" is shown. is good agreement concerning the radiative forcing due to ozone change in the troposphere. Global mean net radiative forcing values are listed in Table 5. Globally and annually averaged, the radiative forcing due to tropospheric ozone change ranges from 0.25 to 0.45 Wm −2 , the mean value and standard deviation being 0.32 Wm −2 and 0.06 Wm −2 , respectively. This value agrees well with the estimate of 0.35±0.15 Wm −2 suggested by IPCC-TAR (Ramaswamy et al., 2001 ).
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The effect of changes in chemistry and climate combined
Global mean net radiative forcing values for the difference "2 minus 1" (or "2 minus 1d") are listed in Table 6 . Globally and annually averaged, the radiative forcing ranges from 0.27 Wm −2 to 0.46 Wm −2 . If only the three CCMs with detailed tropospheric and stratospheric chemistry are taken into account the range is rather narrow, between 0.27 and 0.35 Wm −2 . For all these models the corresponding increase in the "2 minus 1c" case was smaller (Table 5) , ranging from 0.25 to 0.30 Wm −2 , i.e. the change in tropospheric ozone due to climate change is noticeably reflected in the radiative forcing. In case of the DLR E39C model the radiative forcing increases by the inclusion of climate change, although the tropospheric ozone burden is reduced. This is due to the fact that the regions of climate-induced tropospheric ozone increase (Fig. 5 ) tend to be located at higher altitudes and near the tropopause, where ozone change has a relatively large effect on radiative forcing.
3.2 Radiative forcing due to stratospheric ozone change
The effect of changes in chemistry
Following a decrease in stratospheric ozone more solar radiation can penetrate to the surface/troposphere system giving a positive SW radiative forcing, while the LW forcing is negative and especially large for ozone changes near the tropopause (Hansen et al., 1997; Forster and Shine, 1997) .
The balance between the LW and SW forcings is strongly dependent on the altitude of the ozone change, primarily because of the height dependence of the LW. For ozone depletion in the middle stratosphere, due to the infrared opacity of the atmosphere between the mid-stratosphere and the tropopause, the LW forcing will be much weaker than in the lower stratosphere. Figure 7 shows the annual-mean radiative forcing due to changes in stratospheric ozone between 1850 and 2000. In general, the net forcing from stratospheric ozone change is negative in middle to high latitudes, with magnitudes increasing with latitude. In low latitudes, however, the net radiative forcing can be positive. This is where the ozone depletion is located at rather high altitudes resulting in a weaker (negative) LW signal. Upward transport of the tropospheric ozone increase contributes to this effect by moving the boundary between ozone increase and ozone decrease upwards, thus making the net radiative forcing less negative or even slightly positive in low latitudes. Tropospheric ozone change thus affects global-mean stratospheric radiative forcing, which points to the importance of tropospheric chemistry also in assessments of radiative forcing due to stratospheric ozone change. In general, the models show many similarities, such as the pronounced negative radiative forcing in high southern latitudes and the rather low, but positive values in low latitudes.
The global mean net radiative forcings (listed in Table 5 ) range from small negative to small positive values. There is disagreement regarding the sign of the forcing even among the models with explicit stratospheric chemistry. For those models that tend to simulate ozone depletion at higher altitudes the (positive) SW forcing dominates, while for the other models the (negative) LW forcing dominates. For example, as was seen in Fig. 2 , the FRSGC UCI model yields relatively large ozone depletion in the upper regions of the considered domain, while the UIO CTM2 model has most of its ozone depletion in the lowermost stratosphere. This is reflected by relatively large positive and negative net forcings for FRSGC UCI and UIO CTM2, respectively. However, longwave component, "trop": due to tropospheric ozone change, "strat" due to stratospheric change. (a) "2 minus 1c" (for LMDzINCA, UM CAM, and STOCHEM HadAM3 "2 minus 1b" is shown), (b) "2 minus 1" (for UM CAM "2 minus 1d" is shown). Radiative forcing due to stratospheric change is shown only for the models that calculate stratospheric chemistry explicitly. Model numbering as in Table 1 . For "2 minus 1" only coupled CCMs are shown. The radiative forcing calculations are made by the UiO-RTM, and the tropopause level is based on the NCEP year 2000 reanalysis. Tables 4 and 5 it has to be noted that the results presented in Table 6 include the height range between 30 km and 71 km and that the tropopause used by ULAQ differs slightly from that used by the UiO-RTM. the positive net stratospheric radiative forcing seen in some models is primarily connected with the pronounced ozone increases in the lower tropical stratosphere of these models.
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The effect of changes in chemistry and climate combined
When taking into account both chemical and climate change the annually averaged global-mean radiative forcing due to changes in stratospheric ozone is negative in all models, varying from −0.019 to Wm −2 to −0.126 Wm −2 among the four models that have done scenario 1 including changes in stratospheric chemistry (see Table 6 ). The isolated effect of climate change is to reduce the radiative forcing due to stratospheric ozone change. The reason for this is the vertical distribution of ozone change brought about by climate change (see Fig. 5 ) and the strong altitude dependence of the LW forcing. Ozone increase is seen primarily at high altitudes (middle stratosphere) where the resulting (positive) LW forcing is small, while ozone decrease is modeled at lower altitudes (lower tropical stratosphere), where the resulting (negative) LW forcing is large. The net effect of these changes is thus to reduce the net radiative forcing.
The radiative forcing results calculated by the UiO-RTM and discussed in this and the previous section are summarized as global-mean values in Fig. 8 . Both the LW and SW tropospheric forcings are positive, consistent with the tropospheric ozone column increase calculated by all models. The LW and SW forcings connected with the stratospheric ozone column reduction have opposite signs. For some models the negative LW contribution dominates, while in other models the positive SW contribution is larger. While the net tropospheric forcing (light blue bars) is always positive, there is thus disagreement regarding the sign of the net stratospheric forcing. As the comparison between Figs. 8a and b reveals, the inclusion of climate change leads to a general increase in Table 8 . Annually and globally averaged adjusted radiative forcing calculated by the UiO-RTM and the UoR-RTM (Wm −2 ) taking into account chemical change only ("2 minus 1c"). The annual averages in this table are based on January, April, July, and October. the net tropospheric forcing in the CCMs, while a negative contribution is added to the stratospheric radiative forcing.
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Results from additional radiative transfer models
Two additional radiative transfer models are applied to allow for a better estimate of the model spread due to different assumptions made in the radiative transfer calculations, such as cloud distributions, temperatures, tropopause heights, and surface albedo.
The University of L'Aquila radiative transfer model ("ULAQ-RTM") is the same as was used in Pitari et al. (2002) . The thermal infrared scheme is an absorptivity/emissivity broad band model, explicitly including CO 2 , H 2 O, O 3 and aerosols. For the solar spectrum a δ-Eddington code is used applying solar flux absorption cross-sections and including Rayleigh and Mie scattering effects. Temperature and water vapor vertical profiles are those internally calculated in the ULAQ GCM. The tropopause level is set at the 150 ppbv ozone level from a reference (year 2000) calculation. The ULAQ-RTM is directly coupled to the ULAQ model that did the ozone change calculations discussed in Sect. 2. Results based on this ozone change are shown in Table 7. The net tropospheric forcing amounts to 0.34 Wm −2 and 0.39 Wm −2 for the differences "2 minus 1c" and "2 minus 1", respectively, while the net stratospheric forcing is slightly negative amounting to −0.01 Wm −2 in both cases. It has to be noted that the ULAQ-RTM takes into account ozone change up to an altitude of 71 km, which is the upper boundary of the ULAQ model. Apart from the different meteorological conditions used in the ULAQ-RTM, the additional ozone column reduction between 30 and 71 km explains in part the different forcings compared to the UiO-RTM calculations.
The University of Reading radiative transfer model ("UoR-RTM") is a narrow band model (Shine, 1991) , which resolves the thermal infrared spectrum in 10 cm −1 bands. For the solar spectrum, a four stream discrete-ordinate model (Stamnes et al., 1998 ) is used. The water vapor and temperature vertical profiles are taken from the ECMWF Re-analysis dataset (ERA-40) and the cloud and surface albedo data is taken from ISCCP. The tropopause height is defined as the height at which the lapse rate is 2 K/km in all the calculations using the UoR-RTM. This radiative transfer model was previously used in Berntsen et al. (1997) , and in Forster and . UoR-RTM has calculated adjusted radiative forcing based on the ozone changes calculated by the ULAQ and CHASER model for the months of January, April, July, and October. The results are shown in Table 8 along with the corresponding UiO-RTM results. There is reasonably good agreement between the two radiative transfer models, especially in the tropospheric forcings. In the stratosphere, and for ULAQ in particular, there is some disagreement in the net forcing, which is, however, the sum of the two large LW and SW contributions of opposite sign, which themselves agree rather well. Also, it has to be noted that, related to extrapolation procedures, UiO-RTM took into account ozone changes up to about 42 km (which is the upper boundary of the ECMWF model layer being used in the UiO-RTM) while the UoR-RTM considered ozone changes only up to 30 km.
Additional calculations of both the ozone change since preindustrial times and the resulting radiative forcing were provided by the Harvard University. The Harvard-GISS model is a version of the general circulation model (GCM) developed at the Goddard Institute for Space Studies (GISS), the GISS-GCM II (Rind and Lerner, 1996; Rind et al., 1999) . The model includes a detailed, on-line chemistry scheme with about 80 chemical species and 400 chemical reactions. Two different model versions were used. In the "standard" model, natural and anthropogenic emissions are largely based on Wang et al. (1998) . Monthly mean fluxes of ozone and NO y across the model tropopause are specified as in Wang et al. (1998) . Like most other chemistry models, the "standard" model overestimates preindustrial ozone concentrations compared to surface observations from the late 1800s. Results from a "tuned" version of the model, in which lightning NO x emissions have been reduced and biogenic hydrocarbon emissions have been increased, better matches the surface ozone observations available from the end of the 19th century. For more details see Mickley et al. (1999) and Mickley et al. (2001) . The Harvard-GISS radiative transfer model employs the correlated k-distribution method to determine radiative absorption and emission in the longwave and shortwave spectral region (Hansen et al., 1983) . Radiative forcing is calculated on-line in the GCM, but does not feed back into the model climate; the present-day and preindustrial simulations use exactly the same meteorological fields. In this coarse-grid model, the tropopause is defined as the boundary between the model layers 7 and 8 (about 150 hPa). Results for the two calculations are shown in Table 9. The adjusted forcing for tropospheric ozone added to the atmosphere since preindustrial times is 0.38 Wm −2 in the case of the "standard" simulation. This value agrees well with the calculations presented in Sect. 3.1. A considerably larger total ozone change in the "tuned" model version leads to a larger radiative forcing amounting to 0.68 Wm −2 .
The comparison of the UiO-RTM results with the ULAQ-RTM and UoR-RTM results points to some disagreement, which is due to different assumptions on the meteorological conditions and, in the case of ULAQ-RTM the different height range considered in the stratosphere. The radiative forcing calculations made by the Harvard-GISS "standard" model agree rather well with those based on the modeled ozone change obtained in this study. However, the radiative forcing in the Harvard-GISS "tuned" model is considerably larger, pointing to the uncertainty in modeled ozone change since preindustrial times.
Conclusions and outlook
In this analysis ozone changes in the troposphere and lower stratosphere calculated by seven CCMs and three CTMs for the period 1850-2000 have been used to calculate radiative forcing. The CCMs have calculated both chemical and climate change, while the CTMs have kept the climate fixed at year 2000 conditions. The study shows that, even though state-of-the-art models have been used, the uncertainty in modeling ozone change since the pre-industrial time is still large. However, key findings concerning the global-mean tropospheric ozone change and its resulting radiative forcing are rather robust.
The simulated change of the globally and annually averaged tropospheric ozone column seems to be rather robust and lies within the range of 7.9 DU to 13.8 DU, when only chemical change is taken into account. Among the models that calculate chemical change in the stratosphere (all models except STOCHEM HadGEM1, UM CAM, and STOCHEM HadAM3) the range of tropospheric ozone change is even narrower, lying between 7.9 DU to 9.8 DU. In the calculations accounting for both chemical and climate change, the tropospheric ozone increase is in the range 8.9 DU to 10.8 DU among the CCMs with detailed tropospheric and stratospheric chemistry. The stratospheric burden is reduced by between 12.6 DU and 16.1 DU in these models. The inclusion of climate change yields larger tropospheric ozone increases in most models, especially in the models with both tropospheric and stratospheric chemistry. This points to a dominance of the positive effect from increased stratosphere-troposphere exchange and possibly increased lightning emissions over the negative effect of in- creased humidity in the troposphere. We also note that concerning the separated effect of climate change on modeled ozone change, the results from the CCMs including detailed tropospheric and stratospheric chemistry schemes are rather consistent. These results are in contrast to those from an earlier study , which predicted a 10% decrease in the tropospheric ozone burden due to climate change in a doubled-CO 2 atmosphere. In that study, temperatures close to the surface increased by 3.28 K (or about 2-5 times the temperature increase calculated here), and the effect of increased water vapor swamped the effect of increased stratosphere-troposphere exchange. Important sources of disagreement among the models calculating ozone change were already identified in a similar study of Gauss et al. (2003) and include the different meteorological data sets and different transport and chemistry formulations that are applied. This also includes stratospheretroposphere exchange and other transport processes occurring on a sub-grid scale, such as boundary layer mixing and convection, which are represented in quite different ways and greatly affect the vertical profiles of ozone and its precursors.
When taking into account only chemical change, tropospheric ozone column change has led to a radiative forcing of 0.32 Wm −2 , averaged over the models. The contribution of stratospheric ozone change to radiative forcing is less certain, but globally averaged it is slightly negative in most of the models including stratospheric chemistry. The inclusion of climate change leads to a further increase in radiative forcing due to tropospheric ozone change.
A striking result is that the net (troposphere plus stratosphere) ozone change is of opposite sign to the net (troposphere plus stratosphere) forcing for all models and cases considered here. The net ozone change is negative because of the overwhelming impact of the stratospheric ozone depletion, but the smaller change in the troposphere ozone has a greater impact on the forcing. This appears to reflect the fact that much of the stratospheric loss is away from the vital lower stratospheric region, where the ozone change has its greatest impact on the forcing.
The main uncertainties in the radiative forcing calculations arise from the differences in global-mean ozone column change as simulated by the various CCMs and CTMs. The contribution of the radiative forcing uncertainties caused by different meteorological conditions is of secondary importance.
From this study it seems clear that both tropospheric and stratospheric chemistry need to be taken into account, as the tropospheric ozone increase since preindustrial times has moderated lower stratospheric ozone depletion in low latitudes, while stratospheric ozone depletion during the last three decades has influenced tropospheric ozone increase in high latitudes. In this context it will be important to further investigate transport of ozone through the tropopause. In the long run it should become possible to consider radiative forcing from tropospheric and stratospheric changes combined. Also, it is clear from the model results that further model studies will be needed to investigate the contribution from climate change to changes in ozone, both in the troposphere and in the stratosphere, with focus on changes in temperatures, water vapor concentrations, and stratospheric circulation.
Regarding radiative forcing calculations of this type it will be important in the future to clearly distinguish between radiative forcing due to ozone changes resulting from changing emissions and from changing climate, which under certain circumstances should be considered as a climate feedback rather than a contribution to radiative forcing.
